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ABSTRACT
We report results from a convection dynamo simulation of proto-neutron star (PNS), with a nuclear equation
of state (EOS) and the initial hydrodynamic profile taken from a neutrino radiation-hydrodynamics simulation
of a massive stellar core-collapse. A moderately-rotating PNS with the spin period of 170 ms in the lepton-
driven convection stage is focused. We find that large-scale flow and thermodynamic fields with north-south
asymmetry develop in the turbulent flow, as a consequence of the convection in the central part of the PNS,
which we call as a “deep core convection”. Intriguingly, even with such a moderate rotation, large-scale, 1015
G, magnetic field with dipole symmetry is spontaneously built up in the PNS. The turbulent electro-motive force
arising from rotationally-constrained core convection is shown to play a key role in the large-scale dynamo. The
large-scale structures organized in the PNS may impact the explosion dynamics of supernovae and subsequent
evolution to the neutron stars.
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1. INTRODUCTION
Neutron stars (NSs) have the most extreme magnetic field
in the universe, typically trillion, up to quadrillion times more
powerful than Earth’s. Although, we know, they are formed
as an aftermath of massive stellar core-collapse, the origin
of the magnetic fields is still an outstanding issue in astro-
physics. Mainly, two possible origins have been proposed:
fossil field and dynamo field hypotheses (e.g., Spruit 2008;
Ferrario et al. 2015). While the former regards it as an in-
heritance from NS’s main sequence progenitor (e.g., Ruder-
man 1972), the later presumes that it would be generated by
some dynamo processes in the newly-born NSs, also known
as proto-neutron stars (PNSs) (e.g., Ruderman & Sutherland
1973; Thompson & Duncan 1993, hereafter TD93).
One important physical process, which should be exam-
ined further in either scenarios, is the role of PNS convec-
tion. Even if the strong fossil field exists before the collapse,
it should be subjected to vigorous convective motions after
the formation of the PNS (e.g., Epstein 1979; Burrows & Lat-
timer 1988; Keil et al. 1996). It is not fully discussed whether
the structure and coherency of the fossil magnetic field are re-
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tained in such a tumultuous situation. At least, independent
from the spin rate of the PNS, the turbulent convection would
strongly disturb, locally amplify, and transport the fossil field
(Nordlund et al. 1994), unless the field strength is stronger
than the equipartitioned one. The characteristics of the fos-
sil field acquired before core-collapse thus seems likely to be
lost during the evolution of the PNS. On the flip side, in the
dynamo hypothesis, the convective motion would play a vital
role in generating the large-scale magnetic field in the PNS.
The convective dynamo in the PNS is discussed in TD93
theoretically under the modern scenario of the core-collapse
supernova. In the context of the α–Ω dynamo (e.g., Parker
1955), they argue that a large-scale magnetic field with
O(1015) G, is generated only when the spin period of the
PNS (≡ Prot) is shorter than O(10) ms. This constraint
comes from the prerequisite for operating the large-scale
convective dynamo (e.g., Moffatt 1978; Krause & Raedler
1980) : the Rossby number should be smaller than unity,
that is Ro ≡ v/(2Ωl) . 1, where the spin rate Ω, the typi-
cal velocity and length-scale v and l with their chosen values
v ' O(103) km/s and l ' O(0.1) km, corresponding to the
convection velocity and scale-height expected in the outer re-
gion of the PNS. In the ordinary PNS with Prot & O(10) ms
(Ott et al. 2006), the large-scale magnetic field does not grow
and the small-scale “patchy” magnetic structures would pre-
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vail. This is the standard, but still rough, framework they
constructed for the PNS dynamo.
The aim of our study is to give shape to the theory of the
PNS convection and dynamo in a more quantitative, self-
consistent manner. Different from the earlier numerical stud-
ies based on the mean-field dynamics with given profiles of
turbulent electro-motive force and differential rotation (e.g.,
Bonanno et al. 2003, 2006), we solve the magnetohydrody-
namics (MHD) of PNS convection. As the first step, we con-
struct a “PNS in a box” simulation model with a nuclear EOS
and a realistic initial condition just after the core-bounce of
stellar collapse, and then perform a MHD convection simu-
lation with focusing on a moderately-rotating PNS.
2. NUMERICAL SETUP
We study the convective dynamo in the PNS with “star in a
box” model (Dobler et al. 2006). To cover the whole sphere
from the center to pseudo-surface, the PNS is described as
a spherical subregion of radius RPNS of a cubic box of size
L3box and is solved in the Cartesian grids (x, y, z). The spher-
ical coordinates (r, θ, φ) are used for analysis. The baryon
in the box is governed by fully-compressible non-relativistic
MHD equations. The lepton transport is additionally solved
under the diffusion approximation. Basic equations are writ-
ten, in a rotating reference frame with an angular velocity Ω0,
as
Dρ
Dt
+ ρ∇ · v = 0 , (1)
Dv
Dt
= −2Ω0ez × v − 1
ρ
∇P + 1
4piρ
(∇×B)×B
+
2
ρ
∇ · (ρνS) + g + fdamp , (2)
D
Dt
= −P∇ · v
ρ
+ 2νS2
+
η(∇×B)2
4piρ
+
γ∇ · (κ∇)
ρ
+ ˙damp , (3)
∂B
∂t
= ∇× (v ×B − η∇×B) , (4)
DYe
Dt
= ∇ · (ξ∇Ye) + Y˙e,source , (5)
with the strain rate tensor Sij ≡ (∂jvi+∂ivj−2δij∂ivi/3)2,
where  is the specific internal energy, Ye is the lepton frac-
tion and the other symbols have their usual meanings. The
viscous, magnetic, heat, and lepton diffusivities are given by
ν, η, κ and ξ, respectively. Damping terms fdamp and ˙damp,
which keep v and  outside the PNS close to the initial pro-
files to avoid boundary artifacts, are given by
fdamp = −
v
τd
fext , ˙damp =
ini − 
τd
fext , (6)
with fext = (1 + tanh[(r − RPNS)/wt])/2, where ini is
the initial profile of , τd is the damping time and wt is
the width of the transition layer between the PNS and the
“buffer” damping region. For maintaining the lepton gradi-
ent, the source term is added to the lepton transport equation
Y˙e,source =
Ye,ini − Ye
τs
fint (7)
with fint = (1 − tanh[(r − RPNS)/wt])/2, where Ye,ini is
the initial profile of Ye and τs is the forcing time. This is
a simple model for the replenishment of the lepton via the
energy conversion from the gravity to the neutrino radiation
inside the PNS during its cooling time. To close the system,
we employ the EOS by Lattimer & Swesty (1991) with a
compressibility modulus of K = 220 MeV.
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Figure 1. Radial distributions of (a) ρ, P and , and (b) Ye and S
of the initial model. Normalizations are ρ0 = 2.5 × 1014 g/cm3,
P0 = 5.86×1033 dyn/cm2, 0 = 5.85×1019 erg/g, Ye0 = 0.35,
and S0 = 3.96kB .
We set an initial equilibrium model based on a post-bounce
core from a hydrodynamic simulation of core-collapse of
15M progenitor, see Masada et al. (2015) for details. About
100 ms after the core bounce, the shock wave has reached
∼ 200 km, and the PNS is settled into a quasi-hydrostatic
state. The hydrodynamic variables within 0 ≤ r ≤ 20 km
(≡ Lbox/2) are extracted, and then the PNS is reconstructed
with a 2nd-order interpolation method in the calculation do-
main ranging −Lbox/2 ≤ x, y, z ≤ Lbox/2.
Shown in Figure 1 are radial distributions of (a) ρ, P and
, and (b) Ye and S (entropy) of the initial model. The neg-
ative lepton gradient which lies in the inner part of the PNS
powers the lepton-driven convection (e.g., Epstein 1979; Keil
et al. 1996). In contrast, the outer region where r & 15 km
is stable to the convective instability based on the Ledoux
criterion (e.g., Ledoux 1947; Kippenhahn, & Weigert 1990).
Since the outer convectively stable layer has less impact on
the hydrodynamics of the PNS during the evolution time of
interest, the pseudo-surface of the PNS is chosen here as
RPNS = 17.5 km. We connect the PNS to the outer buffer
region through the transition layer with wt = 0.05RPNS.
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Figure 2. (a) Temporal-evolution of volume-averaged kinetic (blue-solid) and magnetic (red-dashed) energies. (b) Radial profiles of time and
spherical averages of (v2r)1/2 (≡ vcv, blue-dashed), Hρ (green dash-dotted) and Ro (red solid). Time average is taken over 220 ≤ t ≤ 240 ms.
Normalization unit is v0 = 1.5 × 107 cm/s. (c) LIC visualizations of |v| at r = 15km (left hemisphere) and meridional cutting plane (right
hemisphere) when t = 230 ms. Red (blue) tone denotes higher (lower) convection velocity.
The forcing time for the lepton is assumed to be con-
stant inside the PNS and an order of magnitude shorter than
the typical convective turn-over time, that is τs = 0.1τcv,
where τcv ≡ lsh/vcv with the typical convection velocity
vcv = 10
8 cm/s and the typical scale-height lsh = 105 cm.
With this value, we can keep the profile of Ye close to, but
slightly deviate from, the initial state. To reduce the bound-
ary artifacts as much as possible, a short damping time of
τd = 0.1τs is adopted. We choose, as a first step, uniform
diffusivities of ν = η = κ = ξ = 1011cm2/s inside the
PNS. While ν, κ and ξ assumed here are within the expecta-
tions in the PNS, η is far from realistic (ηPNS ∼ 10−5 cm2/s)
(e.g., Masada et al. 2007) because of a numerical limitation
as is so often the case with the planetary and stellar dynamo
simulations (e.g., Jones 2011; Brun & Browning 2017).
The governing equations are solved by the second-order
Godunov-type finite-difference scheme which employs an
approximate MHD Riemann solver (see Sano et al. 1999;
Masada et al. 2012, 2015, for details). The box is resolved
by N3 = 2563 grid points. In the following, we present the
result of the convective dynamo simulation of a moderately-
rotating PNS with Ω0 = 12pi s−1. After a random small
“seed” magnetic field with the amplitude |δB| < 109 G is
introduced into the PNS, the calculation is started by adding
a small perturbation to the initial pressure distribution.
3. RESULTS
The rough sketch of the simulation results is summarized
in Figure 2. Time evolution of the volume-averaged ki-
netic and magnetic energies is shown in panel (a). When
the simulation proceeds, the lepton-driven convection begins
to grow and then both the kinetic and magnetic energies are
amplified in the PNS. While the convective energy saturates
within ∼ 50 ms, the magnetic energy gradually increases
and reaches a quasi-steady state after t ∼ 200 ms. Since
the PNS is fully convective, there exists, even in the cen-
tral region, vigorous flows with O(108) cm/s as found in
Figure 2(b) where the radial profiles of the mean convection
velocity, the scale-height and the local Rossby number de-
fined by Ro = vcv/(2ΩHρ) are also shown. The structure of
the convection on the PNS surface or the meridional cutting
plane is shown in Figure 2(c). The size of convective cells be-
comes larger with the depth because of the larger scale-height
in the deeper region, achieving the low Rossby number state,
i.e., Ro < 1, in the PNS core (see also, Figures 2(b)). As
will be discussed later, such a rotationally-constrained core
convection is the key for the spontaneous formation of large-
scale magnetic fields in our PNS model.
As a corollary of the core convection, large-scale flow and
thermodynamic fields are organized in the PNS. We focus
on these quantities before explaining the dynamo activity.
Meridional distributions of (a) 〈vθ〉, (b) δ ≡ 〈 − ¯〉 and
(c) Ω ≡ 〈vφ〉/r sin θ are shown in Figure 3, where over-
bar denotes the time and spherical (θ, φ) average and angular
brackets denote the time- and azimuthal average. The over-
plotted arrows in panel (a) are meridional velocity vectors.
The mean meridional flow shows a single-cell counter-
clockwise profile with circulating between northern and
southern hemispheres with the velocity of O(108) cm/s.
This structure should be due to a dipole dominance of the
convective flow which is shown, in the linear study (§ 59 of
Chandrasekhar (1961)), to be a natural topological result of
the full-spherical convection domain : northern and south-
ern hemispheres are dominated respectively by faster (and
cool) downflow and slower (and warm) upflow (see fig. 2(c)),
yielding the formation of the large-scale coherent circulation
in-between them.
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Figure 3. Meridional distributions of (a) 〈vθ〉, (b) δ and (c) Ω. In panel (a), the streamlines are overplotted with an arrow length proportional
to the flow velocity. In panel (c), the region rotating with the reference frame Ω0 is shown by white color. The iso-rotation contours of
Ω = −50, 0, 100, 200, 300, and 400 s−1 are also overplotted.
The dipole-dominance of the convective motion, i.e., the
“cool” downflow in the north and the “warm” upflow in the
south, results in the antisymmetric profile of δ with respect
to the equator. The difference of δ between hemispheres is
averagely 4× 1017 erg/g which provides 1050 − 1051 erg in
the total volume of the PNS, possibly aiding to arise an asym-
metry in supernovae even in the collapses of moderately-
rotating progenitor stars. Furthermore, if O(1) % of the en-
ergy difference can be converted to the kinetic energy of the
bulk motion of the NS, it may be able to account for the NS’s
proper motion with O(102) km/s (e.g., Hobbs et al. 2005).
The profile of Ω should be determined to retain a quasi-
steady convective state: the production of vorticity by the
baroclinic term (∝ ∂/∂θ) should be balanced mainly with
the production of relative vorticity by the stretching (∝
∂Ω/∂z), that is, the thermal wind balance
∂ω
∂t
= r sin θ
∂Ω2
∂z
− g
γ¯
∂
∂θ
· ·· = 0 , (8)
should be maintained (e.g., Pedlosky 1982; Masada 2011),
where ω is the vorticity. This is consistent with what we
observe in the simulation, i.e., differential rotation with a
north-south asymmetry (fig.2 (c)), which progrades in the
north and retrogrades in the southern hemisphere of the PNS.
The overall mean properties of the hydrodynamics seen in
our PNS model are analogous to those in Brun & Palacios
(2009) though their simulated object is the red giant.
Primarily, the turbulent convective motion produces small-
scale magnetic fields. Figure 4 shows, in the Mollweide pro-
jection, the distribution of the radial component of the mag-
netic field on the spherical surfaces at different depths. It
is found that the turbulent component of the magnetic field
becomes predominant inside the PNS. It should be ampli-
fied via small-scale convective dynamo (e.g., Cattaneo 1999;
Schekochihin et al. 2004) and finally reaches to O(1016) G,
which contains the energy of about 40 % of the convective
kinetic energy at the saturated stage (see fig.2(a)).
In such a haystack of turbulent magnetic components, sur-
prisingly, the large-scale magnetic structure is spontaneously
organized in our PNS model. Figure 5 shows the merid-
ional distributions of large-scale magnetic components, (a)
〈Br〉, (b) 〈Bθ〉 and (c) 〈Bφ〉. The global structure of the
mean magnetic component exhibits a dipole dominance. It
can be found that the large-scale poloidal component, rooted
deep in the central part of the PNS, shows a strong dipole
symmetry, while it is less coherent in the outer part of the
sphere. The strength of it maximally reaches 1015 G, which
is compatible with that expected in the strongly-magnetized
NSs, so-called “magnetars”. In contrast to the poloidal com-
ponent, a large-scale toroidal magnetic component is built
up mainly in the outer part of the PNS. It is roughly anti-
symmetric with respect to the equator and has an average
strength of O(1014) G. As well as the mean flow field, the
large-scale magnetic structure is not transient but is main-
tained for a relatively long time, indicating that it should be
the self-organized structure as a natural outcome of the sym-
metry breaking forced by the NS’s spin. The mechanism for
the large-scale dynamo in our system is discussed in § 4.
4. DISCUSSION
It is well known that the rotating convection system sponta-
neously generates a mean kinetic helicity with a north-south
antisymmetry, i.e., in the case of the eastward rotation like
our PNS model, bulk positive helicity in north and negative
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Figure 4. Distributions of the radial component of the magnetic
field on spherical surfaces at sampled radii r = 15km, 12.5km,
10km, and 5km when t = 230 ms in the Mollweide projection.
in south, because of the Coriolis force acting on the convec-
tion flow (e.g., Miesch 2005). From preceding studies on
stellar and solar dynamos (e.g., Charbonneau 2014; Brun &
Browning 2017, for reviews), we expect that the mean ki-
netic helicity and its accompanying turbulent electro-motive
fore (EMF) would be the origin of the large-scale magnetic
component even in our PNS system (e.g., Racine et al. 2011;
Masada & Sano 2014).
Although it is difficult to evaluate quantitatively the role of
the turbulent EMF in the complicated PNS dynamo system,
we can appraise it at least qualitatively based on the mean-
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Figure 5. Meridional distributions of large-scale magnetic compo-
nents, (a) 〈Br〉, (b) 〈Bθ〉, (c) 〈Bφ〉, and (d) the turbulent α. The
time average is taken over the duration 220 ≤ t ≤ 240 ms.
field dynamo (MFD) theory. Under the first-order smooth-
ing approximation (e.g., Brandenburg & Subramanian 2005;
Masada & Sano 2014), the kinetic helicity would be closely
linked to the turbulent α-effect, which is a key ingredient for
generating the large-scale magnetic field in the MFD frame-
work (e.g., Moffatt 1978; Krause & Raedler 1980), as
α ≡ −τcor〈v′ · ω′〉/3, , (9)
where v′ ≡ v−〈v〉 is the turbulent velocity, τcor is the corre-
lation time andω′ ≡ ∇×v′ is the turbulent vorticity. With an
estimation τcor = Hρ/〈v2r〉1/2, we can evaluate the turbulent
α-effect from the simulation data directly.
To examine the connection between the large-scale mag-
netic structure and the turbulent α-effect, we show the merid-
ional distribution of the turbulent α which is derived directly
from the simulation data in Figure 5(d). It can be found that
there exists a remarkable overlap between the region with
the large-scale magnetic structure, especially poloidal com-
ponent, and that with the strong α-effect. This suggests that
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the turbulent EMF plays a major role in the PNS dynamo,
especially in the core region. In contrast, since the region
where the toroidal component is well-organized is a bit apart
from there, the Ω-effect, i.e., wrapping process of the mag-
netic field by differential rotation, is most likely dominant
over the α-effect.
Although the convective dynamo is believed convention-
ally to work only in rapidly rotating PNSs (e.g., TD93), we
find a clear dynamo activity even in the moderately-rotating
PNS with Prot = 170 ms. The dynamo activity is sustained
by the rotationally-constrained convection, i.e.,Ro < 1 state,
which is realized in the deeper part of the PNS (fig.2(a)).
As demonstrated in the 2D hydrodynamic simulation of
the deleptonization of the PNS by Keil et al. (1996), the con-
vection zone in the PNS enlarges to the deeper part with the
progress of the neutrino cooling, finally encompassing the
whole star within ∼ 1 s after bounce, and can continue for at
least as long as the deleptonization takes place. Since most of
the existing studies for the PNS dynamo supposes the early
evolutionary stage at which only the outer part of the PNS is
convective, the scale-height, thus the size of the convective
cell, is relatively small there, resulting in the high Rossby
number dynamo in the case with the slow or moderate ro-
tation (e.g., TD93). On the other hand, the PNS, which we
studied here with supposing the later evolutionary stage, is in
the core convection state and has a larger convective cell in
the deeper part. In such a situation, the Coriolis force domi-
nates over the inertia force around the PNS core, and thus the
large-scale magnetic component should be efficiently ampli-
fied there by the turbulent α-effect against the turbulent dif-
fusion. We note that the importance of the deep core con-
vection for the large-scale dynamo has already been pointed
out in the study for the origin of the magnetic field in the
fully-convective M-type dwarfs (Yadav et al. 2016).
5. SUMMARY
We found from our numerical study that large-scale flow,
thermodynamic and magnetic fields are spontaneously or-
ganized inside the PNS as the natural consequence of the
deep core convection : the single-cell meridional flow with
circulating between northern and southern hemispheres, the
differential rotation with north-south asymmetry, the north-
south antisymmetric profile of δ, and the large-scale mag-
netic component with the dipole dominance. We also showed
that the possible ingredient for the large-scale dynamo is the
rotationally-constrained core convection, which is not fully
considered in the standard PNS dynamo theory.
Recently, fully-nonlinear numerical studies on the PNS
convection and dynamo rapidly advance with the increase of
the computational power. Nagakura et al. (2019) shows, in
their systematic hydrodynamic study of the CCSNs, that the
PNS convection commonly occurs independent from the pro-
genitor mass. Furthermore, Raynaud et al. (2020) confirms,
for the first time, that the large-scale convective dynamo suc-
cessfully occurs in the rapidly-rotating PNS. To build up the
concrete view on the role of the PNS convection, the para-
metric studies, such as dependencies on the spin rate, diffu-
sivities, and structure of the PNS, should be our future work.
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